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PCongenital Heart Disease
Pre-Operative Brain Injury in Newborn Infants
With Transposition of the Great Arteries Occurs
at Rates Similar to Other Complex Congenital Heart
Disease and Is Not Related to Balloon Atrial Septostomy
John Beca, MB, CHB,* Julia Gunn, MBBS,** Lee Coleman, MB, CHB,¶ Ayton Hope, MB, CHB,‡
Laura-Clare Whelan, BNURS,* Thomas Gentles, MB, CHB,† Terrie Inder, MD,§
Rod Hunt, MMED, PHD,# Lara Shekerdemian, MD**
Auckland, New Zealand; St. Louis, Missouri; and Melbourne, Australia
Objectives The goal of this study was to determine the prevalence and pattern of pre-operative brain injury in infants with
transposition of the great arteries (TGA) compared with other complex congenital heart disease (CHD) and to
define the risk of balloon atrial septostomy (BAS) for the development of brain injury.
Background It has recently been suggested that infants with TGA are at increased risk of pre-operative brain injury, in particu-
lar, stroke, and that this is strongly associated with having a BAS.
Methods Sixty-four newborn infants with TGA (n  44), hypoplastic left heart syndrome (n  13), or pulmonary atresia
(n  7) had magnetic resonance imaging (MRI) scans performed before surgery.
Results Thirty-three (75%) of the infants with TGA had a BAS. Brain injury occurred in 19 (30%) infants: white matter injury
(WMI) in 17 (27%), and stroke in 3 (5%). There was no difference in the prevalence or pattern of brain injury between
diagnostic groups. There was no association between BAS and brain injury in infants with TGA. There was a trend to-
ward increased brain injury in TGA with an intact interventricular septum compared with TGA with a ventricular septal
defect (38% vs. 8%, p  0.075). There was no association between brain injury and any clinical variables.
Conclusions Pre-operative brain injury on MRI scan was present in 30% of infants with CHD. The predominant pattern was
WMI. The rates and patterns of pre-operative brain injury are similar in infants with TGA compared with other
complex CHD, and BAS does not increase the risk of pre-operative brain injury. (J Am Coll Cardiol 2009;53:
1807–11) © 2009 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.01.061d
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reurodevelopmental impairment is common in children who
ave had surgery for congenital heart disease (CHD). Many
tudies have focused on children with d-transposition of the
reat arteries (TGA) because this condition is common, it has
elatively standard anatomy and surgical repair, and is rarely
ssociated with genetic syndromes. Despite the fact that
epair has a low mortality and is usually straightforward,
ongitudinal follow-up studies of historical cohorts have
rom the Departments of *Paediatric Intensive Care, †Paediatric Cardiology, and
Radiology, Starship Children’s Hospital, Auckland, New Zealand; §Departments of
ediatrics, Radiology and Neurology, Washington University School of Medicine, St.
ouis, Missouri; Departments of Paediatric Intensive Care, ¶Radiology, and
Neonatology, The Royal Children’s Hospital, Melbourne, Australia; and **The
urdoch Children’s Research Institute, Melbourne, Australia. Supported by grants
rom The National Heart Foundation of New Zealand, The National Heart
oundation of Australia, Auckland Medical Research Foundation, The Murdoch
hildren’s Research Institute, and the Green Lane Research and Education Fund.h
Manuscript received November 17, 2008; revised manuscript received January 7,
009, accepted January 19, 2009.emonstrated neurodevelopmental and learning difficulties
n school-aged children who underwent the arterial switch
peration (ASO) in infancy. Approximately one-half have
eficits in at least 1 domain and one-third require remedial
cademic assistance (1,2).
See page 1812
Multiple factors are likely to contribute to brain injury in
hildren with CHD. In the past, attention has largely been
ocused on operative factors, such as surgical and perfusion
trategies and early post-operative problems including re-
uced systemic oxygen delivery and organ dysfunction, as
ell as genetic, familial, and social influences (3–6). More
ecently the focus has expanded to include pre-operative
vents and pre-natal brain development. Pre-operative ce-
ebral magnetic resonance imaging (MRI) abnormalities
ave been demonstrated in 25% to 40% of neonates with
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Brain Injury in TGA May 12, 2009:1807–11CHD. The predominant abnor-
mality is white matter injury
(WMI), with infarction, hemor-
rhage, and abnormalities of mat-
uration also seen (7–10).
Findings differ as to the etiology
of brain injury in newborns with
TGA before surgery, with partic-
ular reference to the pattern of
injury and the possible contribu-
tion of balloon atrial septostomy
(BAS) as a risk factor. McQuillen
et al. (11) reported pre-operative
MRI abnormalities in 40% of in-
fants with TGA, with the pre-
dominant injury—in contrast to
other groups with CHD—being
arterial ischemic stroke (75%). In
these infants, brain injury was
strongly associated with BAS.
Those infants who had a BAS
ere more hypoxemic than those without, although this would
ot typically explain the presence of arterial ischemic stroke,
hich is more consistent with embolism.
As part of a large, 2-center prospective study of brain
njury in newborns with CHD, we performed pre-operative
RI scans on infants with TGA, as well as other diagnostic
roups including hypoplastic left heart syndrome (HLHS)
nd pulmonary atresia (PA) with ventricular septal defect.
n both of our institutions, it has been standard practice to
erform BAS on infants with TGA who do not have a
enerous intracardiac shunt at atrial or ventricular level.
ypically, infants with TGA undergo BAS within 1 day of
dmission to our hospitals, after which prostaglandin infu-
ion is discontinued and medical therapy is rapidly de-
ntensified. An ASO is performed several days to a week
ater. The existing controversy regarding the nature of brain
njury in infants with TGA before surgery, and the possible
isk presented by BAS, may have important implications for
ur practice, given the frequency with which BAS is
erformed. Therefore, we sought to define the prevalence of
rain injury, its nature (stroke or WMI), and the impact of
AS in our population, and to compare the risk of brain
njury in TGA to other subgroups with complex CHD.
ethods
atients. This study formed part of a larger prospective
ongitudinal investigation of brain injury in infants with CHD
onducted at Starship Children’s Hospital, Auckland, New
ealand, and The Royal Children’s Hospital, Melbourne,
ustralia. The study population included infants with TGA,
LHS, and PA. Infants were excluded if they were 36
eeks gestational age or they had a recognized genetic or
alformation syndrome. The study was approved by the local
Abbreviations
and Acronyms
ASO  arterial switch
operation
BAS  balloon atrial
septostomy
CHD  congenital heart
disease
CI  confidence interval
HLHS  hypoplastic left
heart syndrome
MRI  magnetic resonance
imaging
PA  pulmonary atresia
TGA  transposition of the
great arteries
VSD  ventricular septal
defect
WMI  white matter injurythics committees and informed consent was obtained from all sarents. Clinical and demographic data were collected prospec-
ively by either a research fellow or research nurse. Three
dditional data fields were recorded retrospectively for the
hildren with TGA to assess their relationship with brain
njury. These included oxygen saturation measured by pulse
ximetry (SpO2) from observation charts before MRI, vascular
ccess route for BAS, and administration of heparin for BAS.
RI studies. Pre-operative MRI scans were performed
nce the infants were clinically stable and before surgery.
or infants who required BAS, MRI was undertaken after
his procedure. The majority of infants were spontaneously
reathing for their MRI scans. Before undergoing MRI,
ach infant was fed (where appropriate), wrapped, and
laced in a vacuum fixation bean-bag designed to keep the
nfant still and supported. MRI studies were performed
sing a 1.5- or 3-T Magnetom Avanto (Siemens, Erlangen,
ermany) Scanner. Standardized sequences were used for
ll studies including T1- (1-mm thickness) and T2-
eighted (2-mm thickness) coronal and axial images and
ultidirectional axial diffusion weighted imaging (20 direc-
ions, 4-mm thickness).
MRI scans were reported independently by 1 of 2 neurora-
iologists (L.C., A.H.) who were not aware of the clinical
etails or treatment of any of the infants. For the purpose of
his analysis, brain injury was defined as the presence or
bsence of focal infarction (stroke), WMI, or hemorrhage
intraventricular or parenchymal). Stroke referred to discrete
reas of hyperintensity on diffusion weighted imaging, with
ypointensity on the corresponding apparent diffusion co-
fficient scan and/or hyperintensity on T2-weighted images.
ize was reported by the extent of the vascular territory
nvolved. WMI referred to discrete, usually punctate, foci of
1 hyperintensity and/or T2 hypointensity. This was clas-
ified as normal (no white matter lesions), minimal (3 areas
f WMI measuring2 mm), moderate (3 areas of WMI or
hose areas measured 2 mm but 5% of the hemisphere
nvolved), or severe (5% of the hemisphere involved) (11).
here were no adverse events related to MRI studies.
AS. The decision to perform BAS was made indepen-
ently by the on-service pediatric cardiologist. The decision
as based on the echocardiographic assessment—in partic-
lar, the size of any intracardiac communications and the
resence of any restriction to interatrial mixing—and clin-
cal criteria including hypoxemia and/or acidosis. BAS was
erformed either at the bedside in intensive care or in the
atheterization laboratory. Echocardiographic guidance was
sed in all infants. Children who were not already intubated
ere anesthetized for the procedure. A 5-F Miller-Edwards
Edwards Lifesciences, Irvine, California) (Royal Children’s
ospital) or a 6-F Rashkind (Medtronic Inc., Minneapolis,
innesota) (Starship Children’s Hospital) balloon catheter
as introduced either directly to the umbilical vein or via a
.3-F (Starship Children’s Hospital) or 7-F (Royal Chil-
ren’s Hospital) sheath introduced to the femoral vein.
olus heparin was not routinely given, although when aheath was used, this was flushed with heparinized saline.
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May 12, 2009:1807–11 Brain Injury in TGAo complications of the procedure were observed in any
nfants.
ata collection and analysis. Clinical variables in infants
ith and without brain injury were compared using the t
est for continuous parametric data, the Wilcoxon rank-sum
est for continuous nonparametric data, and the Fisher exact
est for categorical data (Stata version 10, Stata Corp.,
ollege Station, Texas). Confidence intervals (CIs), where
resented, are 95% CI.
esults
ixty-four infants were included in the study: 44 with TGA,
3 with HLHS, and 7 with PA. Of the infants with TGA,
2 had an intact interventricular septum and 12 had a
entricular septal defect (VSD). Thirty-three infants with
GA (25 with an intact interventricular septum and 8 with
SD) underwent BAS.
RI findings. There were no intraventricular or paren-
hymal hemorrhages. Therefore, the analysis focused on
troke and WMI as significant brain injury. Brain injury was
resent in 19 (30%, 95% CI: 19% to 42%) infants overall.
he most common abnormality was WMI, which occurred
n 17 infants (27%, 95% CI: 16% to 39%). WMI injury was
ild in 16 infants (94%) and moderate in 1 infant (6%).
troke was present in 3 infants (5%, 95% CI: 1% to 13%).
he 3 strokes were of middle cerebral artery distribution
nd as follows: a 2- to 3-mm lesion in the right middle
emporal gyrus in an infant with TGA who did not have a
AS, an infarction of the left caudate head with involve-
ent of the adjacent white matter in an infant with TGA
ho did have a BAS, and infarctions in the right frontal
ortex (10 mm) and right caudate head (3 mm) in an infant
ith HLHS. There were no strokes involving significant
roportions of any single vascular territory. The infant with
GA who had a BAS and caudate head infarct also had
MI.
Brain injury occurred at similar rates in infants with
GA, HLHS, and PA. WMI was present in 27%, 23%,
nd 29% (p  1.0); stroke occurred in 5%, 8%, and 0%
p  0.68) for TGA, HLHS, and PA, respectively.
AS and brain injury in infants with TGA. There was no
ssociation between BAS and any brain injury, or with
ither WMI or stroke in infants with TGA (Table 1). WMI
as present in 30% of infants who had a BAS and 18% of
nfants who did not (p  0.70). Stroke occurred in 3% of
hose with a BAS and 9% of those without (p  0.44). The
bsolute risk difference for infants having a BAS compared
ith those who did not was 3% (95% CI:27% to 33%) for
rain injury, 12% (95% CI: 16% to 40%) for WMI, and
6% (95% CI: 24% to 12%) for stroke. In a retrospective
ower analysis, assuming a base rate of 5% for stroke (the
ate in this series for all infants and also for those with
GA), this study had 84% power to detect a difference of
0% and 99% power to detect a difference of 15%. iotential risk factors for brain injury. For the group as a
hole (TGA, HLHS, and PA) Apgar scores, measures of
ypoxemia (average and lowest SpO2, lowest PaO2), mea-
ures of cardiovascular dysfunction, and highest lactate
evels were similar in patients with and without brain injury
Table 2). Similarly, when considering only patients with
GA, there was no association between any of these clinical
ariables and brain injury (Table 1). The route for BAS was
mbilical in 19 patients (58%) and femoral in 14 (42%).
AS was performed on the day of birth or the next day in
5% and by day 2 in 94%. There was no association between
ither route or timing of BAS and brain injury. One child
as given a bolus of heparin before BAS, and no other
nfants received bolus heparin for BAS. There was a trend
oward increased brain injury in infants with an intact
nterventricular septum compared with those with a VSD
38% and 8%, respectively, p  0.075), regardless of BAS.
iscussion
his study has 5 important findings relating to brain injury
n newborn infants with CHD before surgery. First, we
howed that brain injury was present in 30% of our patients.
econd, when considering diagnostic subgroups, brain injury
ccurred at similar rates in infants with TGA, HLHS, and
A. Third, the pattern of brain injury was characteristically
imited to WMI, with stroke being uncommon. Fourth, there
ere no risk factors for brain injury for the group as a whole,
haracteristics of Infantsith TGA W th and Without Brain Injury
Table 1 Characteristics of InfantsWith TGA With and Without Brain Injury
Characteristic
No Brain Injury
(n  31)
Brain Injury
(n  13) p Value
Gestational age (weeks) 39 (1.4) 39 (1.5) 0.89
Male sex 22 (71%) 9 (69%) 1.0
Birth weight (kg) 3.4 (0.4) 3.3 (0.5) 0.47
Head circumference (cm) 35.0 (2.4) 34.6 (1.2) 0.56
Antenatal diagnosis 9 (29%) 5 (38%) 0.72
Apgar 1 min 8 (5–9) 8 (4–9) 0.68
Apgar 5 min 9 (6–10) 9 (6–10) 0.91
Intact septum 20 (65%) 12 (92%) 0.075
BAS performed 23 (74%) 10 (76%) 1.0
Age at septostomy (days) 1 (0–21) 0 (0–2) 0.23
Umbilical access for BAS 12 (52%) 6 (67%) 0.69
Age at MRI scan (days) 7 (3–31) 7 (5–9) 0.73
Inotropes required 8 (26%) 1 (8%) 0.24
MAP 35 mm Hg for 30 min 4 (13%) 1 (8%) 1.0
Lowest MAP (mm Hg) 38 (7) 39 (5) 0.64
Highest lactate (mmol/l) 3.9 (1.2–18) 2.7 (1–6) 0.35
Lowest pH 7.26 (0.12) 7.29 (0.09) 0.48
Lowest PaO2 (mm Hg) 29 (17–56) 31 (26–42) 0.45
Average SpO2 (%) 84 (5) 82 (6) 0.23
Lowest SpO2 (%) 58 (18) 60 (12) 0.17
ategorical data are shown as n (frequency), parametric data as mean (SD), and nonparametric
ata as median (range).
BAS  balloon atrial septostomy; MAP  mean systemic arterial blood pressure; MRI 
agnetic resonance imaging; PaO2  arterial partial pressure of oxygen; SpO2  oxygen
aturation measured by pulse oximetry.ncluding markers of birth asphyxia, cardiovascular instability,
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Brain Injury in TGA May 12, 2009:1807–11ypoxemia, and impaired systemic oxygen delivery. Finally,
nd of most relevance to clinical practice, we found no
ssociation between BAS and brain injury in infants with
GA, with brain injury after BAS occurring at similar rates to
hose in other diagnostic groups.
This study presents the largest cohort to date of pre-
perative MRI in infants with TGA. We chose to compare
nfants with TGA to infants with HLHS and PA because
he latter two are representative of lesions with a high risk of
rain injury that may be ischemic injury (HLHS) or
ypoxemic and/or ischemic injury (PA). It has been sug-
ested that pre-operative brain injury is more common in
he biventricular circulation and post-operative injury more
requent in the functionally univentricular circulation, espe-
ially in HLHS (8). This may be due in part to a prepon-
erance of pre-operative injury in some series with TGA
nd the fact that infants with a functionally univentricular
eart may be less stable in the early post-operative period. In
ur study, there was no difference between groups in the rate
f brain injury before surgery. Furthermore, the overall rate of
rain injury in our cohort was similar to that reported by
ther groups (7,8,10,11).
The nature of injury in our population was predominantly
MI. WMI is the most common type of injury after
urgery in young infants with CHD and has been associated
ith hypoxemia and hypotension (3). WMI has also been
escribed before surgery and is sometimes labeled periven-
ricular leukomalacia (3,7). We have chosen not to apply
his term in our cohort because it is traditionally used to
escribe a pattern of injury seen on cranial ultrasound scans
f pre-term infants that may evolve into cystic lesions over
ime. The WMI described before and after surgery in term
nfants with CHD does not appear to undergo the same
adiologic and clinical evolution as periventricular leukoma-
acia in premature infants. It most likely relates to the
haracteristics of All Infantsith and Without Brai Injury
Table 2 Characteristics of All InfantsWith and Without Brain Injury
Characteristic
No Brain Injury
(n  45)
Brain Injury
(n  19) p Value
Gestational age (weeks) 39 (1.6) 39 (1.4) 0.49
Male sex 26 (58%) 15 (79%) 0.15
Birth weight (kg) 3.3 (0.6) 3.3 (0.5) 0.97
Head circumference (cm) 34.6 (2.4) 34.7 (1.2) 0.93
Antenatal diagnosis 23 (51%) 10 (53%) 1.0
Apgar 1 min 8 (1–9) 8 (1–9) 0.53
Apgar 5 min 9 (5–10) 9 (5–10) 0.42
Inotropes required 13 (29%) 4 (21%) 0.76
MAP 35 mm Hg for 30 min 9 (20%) 3 (16%) 1.0
Lowest MAP (mm Hg) 37 (7) 37 (6) 0.90
Highest lactate (mmol/l) 3.4 (0.8–18) 2.6 (1–6) 0.39
Lowest pH 7.27 (0.11) 7.29 (0.09) 0.61
Lowest PaO2 (mm Hg) 34 (17–71) 30 (26–37) 0.46
ategorical data are shown as n (frequency), parametric data as mean (SD), and nonparametric
ata as median (range).
Abbreviations as in Table 1.ulnerability of immature oligodendrocytes to injury during uhe first 4 weeks of life (3,12). The etiology and timing of
MI is unclear and very likely multifactorial. Recent MRI
tudies have shown that term newborns with CHD have
idespread abnormalities in brain maturation that are sim-
lar to those in premature infants and might render them
articularly vulnerable to WMI (9).
Stroke affected only 2 infants with TGA, was small in
oth cases, and was not associated with BAS. This preva-
ence and severity of stroke contrasted with that in the series
y McQuillen et al. (11), in which strokes affected nearly
ne-half of infants after BAS, and a proportion involved
ignificant arterial territories. They found a risk difference of
3% for brain injury with BAS. For stroke in particular, our
tudy has high power to exclude a risk difference of more
han 10% to 15%. In order to further investigate the
ifference between the 2 series, we considered a number of
otential contributory factors. The BAS catheters used in
his series were similar to those described in the McQuillen
t al. (11) study (without an end-hole), and in both studies
olus heparin was not routinely administered during BAS.
n our institutions, at the end of the procedure the catheter
nd sheath (where applicable) were always removed; this
ractice is not detailed in the McQuillen et al. (11) series. It
s unlikely that the MRI technique could have given rise to
false negative” findings with regard to stroke because the
RI sequences were very similar using either the same or a
ner slice thickness. We also considered the time from BAS
o MRI scan, which was slightly longer in our study, but is
till well within an acceptable time frame for detecting
troke on either diffusion weighted imaging or T2-weighted
cans. Moreover, arterial strokes would be expected to
volve rather than disappear within such a time frame.
We did not find any association between any physiolog-
cal or other clinical variables and brain injury. A limitation
f this study is that data relating to oxygen saturation was
ollected retrospectively and the frequency of measurements
aried widely between patients, depending on their clinical
tatus and the age at which they presented and at which the
RI scan was performed. With this caveat in mind, we
ere unable to find any association between brain injury and
ny objective marker of hypoxemia. Only 75% of our infants
ad arterial blood gas or lactate measurement performed
efore the BAS. This might introduce a bias in that infants
ho had these blood tests are more likely to be sicker and
herefore potentially more likely to have brain injury. But there
as no difference in the rate of brain injury between those who
ad blood tests and those who did not. The trend toward
reater WMI in infants with TGA and intact ventricular
eptum may support a relationship between anatomy and brain
evelopment, or at least vulnerability to injury. It is likely that
he fetal circulation is more abnormal in those with TGA
nd intact ventricular septum compared with TGA and
SD or other forms of congenital heart disease, as there is
ess intracardiac mixing with a greater risk of chronic in
tero cerebral hypoxemia.
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May 12, 2009:1807–11 Brain Injury in TGAVery few infants had evidence of birth asphyxia as evidenced
y low 5-min Apgar scores. In addition, as observed by others,
he typical pattern of brain injury seen with global hypoxic-
schemic encephalopathy (injury to the deep grey nuclei and
arasagittal watershed cortex) (12) was not seen in any infants.
his reinforces the notion that other factors such as fetal brain
evelopment and maturity may play a role. Relative immaturity
f the brain in term infants with CHD has been described, but
he relationship to injury is still unclear (9). In addition, the
eurodevelopmental significance of WMI in infants with
HD is unknown. Abnormal findings on MRI scan at term in
ery premature infants strongly predict adverse neurodevelop-
ental outcomes at 2 years of age (13). Further studies of large
umbers of infants with CHD are required to clarify these
ssues.
onclusions
rain injury is present on MRI scan in 30% of infants with
omplex CHD before surgery. Brain injury occurs at a
imilar rate in infants with TGA compared with infants
ith either HLHS or PA and predominantly affects the
hite matter. Arterial ischemic strokes are uncommon in
his population. There is no association between brain injury
nd BAS. Therefore, we would advise caution before
ecommending widespread changes in clinical practice.
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